the analysis of S. agalactiae revealed that the majority of isolates associated with aquatic 82 environments and hosts fall within serotypes Ia and Ib, in which Ia isolates belong to ST-7 in clonal 83 complex (CC) 7 and ST-103 in CC103 (12, 18, (24) (25) (26) (27) (28) . Serotype Ib strains isolated in Central and 84 South America are ST-260 and ST-552 in CC552 (27, 29) and strains isolated in Australia, Israel, 85
Belgium, China, Ghana, USA and Southeast Asia belong to 6, 9, 13, [29] [30] [31] . Serotype III 86 is commonly causative of disease in humans, but has also been isolated from fish in Thailand, China 87 and recently in Brazil (26, (32) (33) (34) . 88 89 Whilst capsular serotyping and MLST have been useful in inferring origin and dispersal of GBS 90 subtypes, they do not display sufficient resolution to explore spread and evolution within individual 91 sequence types nor can they reflect the complete genetic diversity of S. agalactiae (35) . The rapid fall 92 in cost of whole genome sequencing coupled with multiplexing and rapid development of open 93 source bioinformatics tools has permitted much deeper analysis of evolution, host adaptation and 94 epidemiological modelling within single bacterial species (36) including those from aquatic hosts 95 (14, 15) . Bacteria such as S. agalactiae that can colonise multiple host species often have greater 96 genomic intraspecies diversity (37). In GBS, two major evolutionary trends have been implicated in 97 rapid adaptation to new hosts, namely, acquisition of new genes by lateral gene transfer and genome 98 reduction via gene loss integral to host specialisation (13, 38). For example, S. agalactiae Ia strains, 99
Evolution of S. agalactiae by genome reduction is an ongoing process with a high number of 106 pseudogenes present in GBS genomes from aquatic sources (13) . 107 108 Evolution of S. agalactiae and adaptation to aquatic hosts is an incomplete and ongoing process, 109 consequently sequencing the genomes from a few isolates is insufficient to understand the full 110 potential genetic diversity of S. agalactiae as a species (35) . The pan-genome or supra-genome of a 111 bacterial species defines the full complement of genes, or the union of all the gene sets, within the 112 species (35). This pan-genome is subdivided into its core genome, which includes all the genes that 113 are present in all the strains of the same bacterial species and must therefore be responsible for 114 essential biological functions to allow the species to survive, and the accessory genome containing 115 species-specific genes that are unique to single strains or constrained to a cohort of strains within the 116 species; these genes contribute to the diversity makeup of the species. The pan-genome of a species 117 resolves the true genomic diversity of that species and permits the identification of gene cohorts that 118 are essential to the species as a whole, along with gene complements in the accessory genome that 119 permit host or habitat specialization (35) . Moreover, by identifying potential antigens within the 120 pan-genome that are conserved across all strains that infect a particular host type, vaccine targets can 121 be specified that are likely to cross-protect (35, 40) . Indeed, the first multicomponent 122 protein-containing universal vaccine against human S. agalactiae was developed using a pan-genome 123 reverse vaccinology approach by analysing eight human isolates to predict putative antigens that 124 were conserved amongst those strains (41). Some antigens in this vaccine are in the accessory 125 Honduras tilapia isolates, terrestrial isolates and the genomes obtained from GenBank were aligned 184 with Parsnp in the Harvest Tools suite version 1.2 (49). The genome of Streptococcus pyogenes M1 9 GAS (Accession number: NC_002737.2) was also included as an outgroup for tree rooting. 186
Hypothetical recombination sites in the core genome alignment were detected and filtered out with 187 Gubbins (50). Maximum likelihood phylogenetic trees were inferred with RAxML version 8. (Table 1) . Only complete genomes were included into the reference 204 pan-genome to avoid incomplete genes associated with the high fragmentation of draft sequences. 205
For visualisation, draft and complete genomes were compared with the reference pangenome using 206 BRIG 0.95 (55). To investigate core and accessory protein-coding genes, sequences from all strains 207 were analysed with Roary (56) using default settings. Since Roary only considers protein-coding 208 sequences, we used Piggy (57) to examine non protein-coding intergenic regions (IGRs), which 209 comprise about 15% of the GBS genomes. 210 211
Identification and comparison of virulence factors 212
Virulence factor screening was performed using SeqFindr (58) by comparing the assembled genomes 213 of all strains in this study along with the genomes available through GenBank (Table 1) China, Ghana and Israel (9, 13, 30). 240
The current isolates represent the first aquatic isolates sequenced from marine fish and stingrays 241 indicating a wider host range (rays and marine finfish), environmental (freshwater to marine) and 242 geographic distribution of ST-261 than previously observed (5, 6, 61). GBS strains isolated from 243 humans and terrestrial animals in Queensland and Northern Territory, Australia were also sequenced 244 and have larger genomes of 2,072,596 bp comprising 2,067 genes on average, suggesting that recent 245 possible local transfer from terrestrial origin to Australian fish is highly unlikely, although probable 246 transfer between humans and fish has been reported for ST-7 GBS elsewhere (8, 39, 62). Non-human 247 mammalian strains from Australia sequenced in this study QMA0300 and QMA0303 belong to ST-1 248 serotype V, and QMA0306 belong to ST-67 serotype III, whereas human isolates, QMA0355 and 249 QMA0357, and crocodile strain QMA0336 belong to ST-23 serotype Ia. Indeed, the high sequence 250
identity between the human ST-23 serotype Ia isolates and those from farm-raised crocodiles are To better inform possible origin of the ST-261 isolates from marine fish in Australia, a phylogenetic 253 tree was constructed by maximum likelihood from 29,689 non-recombinant core genome SNPs and 254 short indel positions derived by alignment of whole genome sequences of 25 Queensland fish 255 isolates, 9 Honduras isolates, 6 Queensland terrestrial isolates and 42 genomes from public databases 256 ( Fig. 1A) . Two distinct groups were resolved, the first comprising entirely of aquatic isolates 257 (including serotype Ib isolates from ST552, ST-260 and ST-261) while the second major group 258 comprised various isolates of terrestrial origin and some fish isolates from ST7 serotype Ia that may 259 have infected fish via transfer from terrestrial sources (Fig. 1A) . The serotype Ib aquatic group 260 branched into three distinct lineages based on ST ( Fig. 1A) . One lineage comprised all Honduras 261 strains of ST-260, which were derived from a lineage comprising ST-552 isolates from Brazil ( Fig.  262 1A). This is supportive of previous observations in which an extended typing system based on MLST, 263 virulence genes and serotype indicated geographic endemism within fish isolates from differing 264 regions of Brazil (64). The isolates belonging to ST-261 from USA, Israel, Ghana, China and 265
Queensland clustered together (Fig. 1A) . The second major division, containing serotype Ia fish 266 strains along with terrestrial isolates, was more complex, but isolates largely clustered in line with 267 serotype and ST (Fig. 1A) . The aquatic serotype Ia isolates clustered with human isolates of ST-7 268 ( Fig 1A) . These fish isolates have acquired a 10kb genomic island, putatively from S. anginosus, in 269 contrast to their human ST7 serotype Ia relatives (39). Lineage 10 comprised serotype III ST-17 270 human isolates ( Fig. 1A) . Serotype Ia strains were divided amongst several further ST groups: Three 271 Australian serotype Ia ST-23 strains (QMA0336, QMA0355 and QMA0357) isolated from humans 272 and a saltwater crocodile clustered together with strains of serotype III ST-23 (NEM316) and 273 serotype IV ST-452 (NGBS572) also of human origin (Fig. 1A) . This lineage appears to be derived 274 from NEM316 which is a frequent cause of late-onset disease in human infants (65). A further 275 serotype Ia isolate was located in ST-103 and clustered together with two strains of serotype V 276 ST-609 and ST-617 isolated from camels (66) (Fig. 1A) . Two newly sequenced Australian terrestrial 277 strains, QMA0300 isolated from a dog and QMA0303 isolated from a cat clustered with other 278 serotype V ST-1 strains isolated from humans, cattle and dog hosts (Fig. 1A ). This lineage also 279 contained NGBS061 serotype IV ST-495 and GBS-M002 serotype VI ST-1 ( Fig. 1A) . ST-1 emerged 280 as a significant cause of infection and disease in humans during the 1990s, but was recently inferred 281 to have evolved from strains causing mastitis in cattle in the 1970s (67). Moreover, QMA0306 ST-1 282 serotype V from cattle in Queensland was closely related to SA111 ST-61 serotype II, which 283 represents a host-adapted lineage of S. agalactiae that is dominant in cattle in Europe (68) (Fig. 1A) . 284
285
Our phylogeny based on whole genome SNPs does not support recent direct transfer of GBS from 286
Australian human clinical or terrestrial animal sources to marine fish and stingrays, in spite of close 287 proximity of many of the wild fish cases to human habitation (6). Consequently, we refined our 288 analyses to the ST-261 aquatic host-adapted lineage to attempt to infer possible route of introduction 289 and subsequent evolution in Australian marine fish. A consensus minimum spanning tree based on a 290 distance matrix comprised of all core genome SNPs derived from alignment of the ST-261 serotype 291
Ib strains revealed a likely original introduction via tilapia from Israel, with only 63 core genome 292
SNPs separating an Australian stingray isolate from the type strain of S. difficile (re-assigned as S. 293 agalactiae serotype Ib (69)), isolated from tilapia in Israel in 1988 ( Fig 1B) (70). Tilapia were 294 imported on a number of occasions during the 1970s and 1980s from Israel into North Queensland 295 around Cairns and Townsville, and a number of strains and hybrids have since colonised rivers and 296 creeks throughout Queensland (71). Globally, the aquatic ST-261 lineage appears to have been 297 transferred through human movements of tilapia for aquaculture and other purposes over the last 298 several decades. The US and Chinese tilapia isolates also appear to derive from the early ND2-22 299 isolate, as do recent isolates from tilapia in Ghana ( Fig 1B) . Indeed, phylogenetic analysis by maximum likelihood of draft whole genome alignments suggest that the Ghanaian and Chinese 301 isolates share a recent common ancestor that is derived from ND2-22, with only 60 SNPs separating 302 ND2-22 and the Ghanaian strains (72). We identified only 36 core genome SNPs separating the 303 Ghanaian isolates from ND2-22 but this reflects the smaller core genome in our study as a result of 304 the high number of GBS isolates analysed (40 in the present study compared with 9 in the previous 305 study (72). To further elucidate adaptation amongst the fish pathogenic GBS types a pan-genome was built from 316 39 complete genomes retrieved from GenBank and using our curated ST-261 grouper isolate 317 QMA0271 as a high-quality reference seed genome. The resulting pan-genome was 4,074,275 bp 318 ( Fig. 2A) . All-vs-all BLAST analysis of the genomes implemented in BRIG clearly indicated the 319 substantial reduction in genome size amongst the fish pathogenic ST-261 cohort, as previously 320 reported for a limited number of ST-261 isolates (13). Here, we find that ST-260 and ST552 321 fish-pathogenic sequence types within serotype Ib are similarly reduced and that conservation 322 amongst the serotype Ib strains is high (Figure 2A) . In total 4,603 protein-coding genes were 323 predicted in S. agalactiae pan-genome using Roary (Fig. 2B) , which is consistent with previous 324 research (39). The number of core genes was 1,440 (representing 35% of the pan-genome) while previous studies reported 1,202 to 1,267 genes in the pan-genome (39, 40). These differences may 326 result from the methods being used to examine the pan-genome, the difference in sequences number 327 being used to create the pan-genome and finally the use of draft sequences in the analysis (39). A 328 majority of protein-coding genes found in the pan-genome belonged to both the dispensable and 329 strain-specific genes. This could be a result of the inclusion of a high number of serotype Ib strain 330 sequences, which were all significantly smaller in size (approx. in an increase in the number of core genes. 333 334 Frequency analysis of IGRs in S. agalactiae pan-genome showed that the number of IGRs shared 335 across all strains was smaller than core protein-coding genes, whereas strain-specific IGRs was much 336 higher than protein-coding strain-specific genes (Fig. 2C ). IGR analysis with Piggy excludes IGRs 337 that are less than 30 bp which may result in fewer IGRs than protein-coding genes in core regions 338 (57). Most IGRs identified in the pan-genome belonged to either core genes or strain-specific genes 339 Almost all genes classed as adhesins, involved in immune evasion and host invasion, and most of the 346 toxin-related genes found in terrestrial isolates were absent from serotype Ib aquatic isolates (Fig. 3) . 347
Rosinski-Chupin et al. (2013) reported ~60% of the virulence genes found in human strains were 348 present in a serotype Ib GBS strain from fish. We found that CAMP factor gene cfa/cfb was present in 349 all strains including serotype Ib ST-260, 261 and 552 isolates, but CAMP reaction was previously reported to be negative for ST-260 and 261 strains (13, 28). These authors identified that CAMP 351 factor gene in ST-261 is disrupted while the gene in ST-260 is unaltered but the level of gene 352 expression may be too low to detected by the test (13). Most of the genes in cyl locus have been lost 353 from Ib piscine strains and only cylB, an ABC ATP binding cassette transporter was present in 354 ST-260 and 552 (Fig. 3) . The cyl locus is responsible for hemolytic activity and production of 355 pigment via co-transcription of cylF and cylL (73). In ST-261, the cyl gene cluster is replaced by a 356 genomic island resulting in loss of hemolytic activity (13). Of particular relevance to virulence and 357 antigenic diversity, transmembrane immunoglobulin A-binding C protein beta-antigen cba was 358 absent in all aquatic isolates (Fig 3) . This gene has been reported in type Ib and Ia GBS previously 359 (74), is implicated in virulence in neonates and is up regulated in GBS serotype Ia strain A909 in 360 response to human serum (74-76). In contrast, capsule-related genes were largely conserved and 361 associated with serotype ( Fig. 3) isolates, most contained six sequences that were identified as probable adhesins by homology ( Fig.  366 3). These ST-261 adhesins (named 0337, 0626, 0856, 1185, 1196 and 1648 based on position in the 367 annotated ST-261 genome from QMA0271) were fully conserved amongst aquatic serotype Ib 368 ST-261 ( Fig. 3) . Moreover, ST-261 adhesin 0856 was only present in ST-261 and two serotype II 369 isolates, GBS1-NY and SA111 strains (Fig. 3) . ST-261 adhesins 1185 and 1648 were shown to be 370 unique to aquatic serotype Ib isolates, being absent from Ia fish isolates and all terrestrial strains (Fig.  371 3). The analysis indicated that ST-261 adhesins 0337, 0626 and 1196 were well conserved across 372 most of the isolates regardless of origin but 1196 was the only adhesin-like gene present in all strains 373 analysed (Fig. 3) . ST-261 adhesin 0626 was also ubiquitous but contained deletions in Sag37 isolate ( Fig. 3) . Some terrestrial strains, such as QMA0355, 0357, 0336 and NGBS572 lacked adhesin 0337 375 ( Fig. 3) . 376
377
As capsular polysaccharide is a requirement for full virulence in several fish pathogenic streptococci 378 (77, 78) and the major antigen in GBS (79-81), further analysis of the serotype Ib cps operon was 379 conducted. Within the serotype Ib lineage, the capsular polysaccharide operon was well conserved 380 ( Fig. 4) . However, QMA0281 from grouper had a deletion at position 341 in cpsB, encompassing 381 cpsC, cpsD and cpsE (Fig 4) , resulting in a chimeric ORF. Moreover, an insertion in a TA repeat at 382 position 557 in cpsH resulted in an early stop codon marginally reducing gene size (Fig. 4) . 383
QMA0368 had a TT insertion at nucleotide position 745 in cpsE resulting in insertion of an early stop 384 codon and truncation of the gene (Fig. 4) . Deletion of this region that includes the priming glycosyl 385 transferase for capsular biosynthesis results in loss of capsule, attenuated virulence and modified 386 pathology in the fish pathogen S. iniae (82). Buoyant density analysis in Percoll indicated that 387 QMA0281 is also deficient in capsule (not shown). cps operon SNPs amongst the Australian serotype 388 Ib isolates were rare (Fig. 4 ). Indeed only 1 SNP neuA separated QMA0271 from the 1988 tilapia 389 isolate from Israel suggesting very little evolution of the cps operon since introduction of the lineage 390 ( Fig. 4) . This may reflect a well-adapted capsule for colonization naïve hosts as the Australian 391 isolates were from wild fish and captive stingrays recently after capture and transport thus placing 392 little selective pressure for novel capsular sequence types. Immunity in fish drives evolution of novel 393 capsular sequence types in S. iniae but these reported cases were all in high intensity aquaculture with 394 occasional use of autogenous vaccination and opportunity for development of cps-specific immunity 395 (82). This may explain the relatively high number of SNPs in genes encoding sugar and sialic acid 396 modifying enzymes amongst the isolates from tilapia farmed in Honduras relative to the other isolates where isolates were sourced, and may apply selective pressure favouring modified polysaccharide 399 capsule. 400 401
Conclusions 402
The clade of aquatic S. agalactiae serotype Ib including ST-260, ST-261 and ST-552 is a highly 403 adapted fish pathogen with a substantially reduced genome compared to all other serotypes from 404 terrestrial mammalian, reptile and fish hosts. These variants were originally identified as S. difficile 405 due to their impoverished growth on laboratory media and hence difficulty in isolating from diseased 406 fish (70). The species was reassigned to serotype Ib GBS a few years later (69) but the recent 407 discovery of the major reduction in genomes size of ST-261 serotype Ib (13) explains the marked 408 phenotypic difference that merited early phenotypic assignation to its own species. Other serotypes 409 have been isolated from fish, notably serotype Ia and serotype III, but these seem to arise from 410 terrestrial transfer rather than being retained amongst the aquatic host population (28). In contrast, 411 serotype Ib has only been isolated from fish and stingrays, appears to be well-adapted and is likely to Kong F, Gowan S, Martin D, James G, Gilbert GL. NGBS061  QMA0303  09mas018883  SS1  QMA0300  GBS ST1  NGBS357  NEM316  NGBS572  QMA0336  QMA0357  QMA0355  SA1 1 1  QMA0306  GBS6  GBS2 NM  GBS1 NY  FDAARGOS 2 5 4  ILRI005  GBS85147  ILRI112  S2 5  SA2 0  S1 3  QMA0487  QMA0489  QMA0485  QMA0488  QMA0497  QMA0495  QMA0499  QMA0496  QMA0494  138P  138spar  GX026  ND2-22  GS16 0008  GS16 0035  GS16 0031  GS16 0046  QMA0292  QMA0294  QMA0320  QMA0277  QMA0276  QMA0275  QMA0281  QMA0287  QMA0264  QMA0268  QMA0280  QMA0274  QMA0267  QMA0290  QMA0271 
